















Bogota isthe largestcity inColombiaand isconsideredoneofthemostonespolluted inLatinAmerica.Theannual
averagePM10concentrationinthecityis55ʅg/m3,beingashighas90ʅg/m3inthewesternregionofthecity.Inthis
study,twositesinthewesternregionwereselectedtoassessthePM10contributionfromdifferentsources.Twosets




be themost significant sources of PM10 at both sites. An ion factor and a secondary aerosol source factorwere
identifiedatonesite,whereasindustry–relatedfactorswereidentifiedattheothersite,asexpectedinanareawitha
highdensityofsmallandmedium industrial facilities.While it is true thatsourceapportionmentstudieshavebeen
























mostpolluted in LatinAmerica,withparticulatematter (PM) the
pollutant of most concern (Maggiora and Lopez–Silva, 2006).
ResultsfromtheBogotaAirQualityMonitoringNetwork(BAQMN)
show that the annual averagePM10 concentration in the city for
2008was55ʅg/m3whenaverageoverallthemonitorsbutthere
are significant differences among areas of the city. The annual
averagePM10concentrationmeasuredatPuenteAranda,Kennedy,













an increase of at least 8% in the number of hospital visits for
respiratory illness inchildren lessthan14yearsold(Solarteetal.,
2002)anditisalsoassociatedwitha4%increaseinthenumberof




so that they can design regulations and strategies to reduce its
emissions. Themost recent air pollutant emission inventory for
Bogota (Fandino and Behrentz, 2009; Rodriguez and Behrentz,
2009)estimatesthatpointsourcesaccountfor1440tons/yearof
totalsuspendedparticles(TSP)(basedonisokineticsamplingdata)
andmobile sources for 1100tons/year of PM2.5. This inventory,
however,doesnot includesource informationdetailedenoughto
develop local air pollution abatement strategies for the most
pollutedareasofthecity,whichistheinterestofthiswork.

Previous studies have addressed PM10 chemical analysis in
Bogota.Pachonetal. (2008)analyzedsamples fororganiccarbon
(OC) and elemental carbon (EC) by thermal gravimetric analysis
(TGA)andthermalopticaltransmittance (TOT),andwatersoluble
ions (SO42–, NO3–, NO2–, HCOO–, Cl–, NH4+, Ca2+, K+, Na+) by ion
chromatography (IC). They concluded that the carbonaceous
fraction (EC+OM,assumingaratioofOM/OC=1.4)wasapprox–
imately60%of the totalPM10, the coarse fractionaccounted for
between 25 and 45% and that secondary aerosol (mainly in the
form of NH4NO3) could contribute between 9% and 17% of the
PM10.RiveraandBehrentz(2009),usingchemicalcharacterization
ofPM10andPM2.5samples,appliedPrincipalComponentAnalysis
(PCA) to identifyemissionsources for threesites inBogota.They
analyzed ions (Cl–,NO3–,SO42–andPO4–3,Na+,NH4+,K+,Mg2+and
Ca2+)byICandmetals(Fe,Al,Mg,Ca,K,Mn,Ga,Ba,Na,Cr,Ni,Zn,
















PMF analysis of PM composition has been used in different
cities around theworld to identify source impacts (Hopke,2003;
Begum et al., 2004; Kim et al., 2004; Zhao and Hopke, 2004;
Morishita et al., 2006; Zhao andHopke, 2006;Quin et al., 2006;




secondary pollutants and carbonaceous fractions (Mazzei et al.,
2008).

In order to better understand the origin of PM10 in the
western and northwestern regions of Bogota, PMF is applied to
twosetsofPM10samples,fromtwositesinthewesternregionof
the city. This is the first time that a full PM10 chemical analysis,









Ambient PM10 samples were collected at two sites in the
western part of Bogota: Kennedy and Suba (Figure 1). Kennedy
(4°36’57”N,74°08’37”W) isanurbansite located inaresidential
area with a significant number of small tanning industries and
foundries that burn coal as fuel. The area has both paved and
unpaved roadsand its surroundingsareurban.Suba (4°44’36”N,
74°06’09”W) is an urban site located in a residential areawith
commercialactivitiesandpavedandunpavedroads.Thereareno
74 Vargasetal.–AtmosphericPollutionResearch3(2012)72Ͳ80 
industrial facilities located near this area and it is roughly 2km
awayfromtherurallimitsofthecity.

For this study, twosetsof24–haveragePM10 sampleswere
collected at Suba (55samples) and Kennedy (56samples) from
July15 to September13,2008. In Suba, one of the sets was
collected using a high–volume air sampler, model VFC–PM10
(Thermo Fisher Scientific Inc.) on quartz EPM 2000 filters
(Whatman Inc.) and the second one usingMS&T area samplers,
alsoknownasHarvard impactors(AirDiagnosticsandEngineering
Inc.)on37mmdiameterPTFE filters (SKC Inc.). InKennedy,both
setswerecollectedusingHarvard impactors,oneonquartzfilters
(SKC Inc.) and the second one on PTFE filters. The sites were
locatedbasedonneighborhood–scaleEPAcriteria(U.S.EPA,2010).
TheSubasamplingsitewaslocatedat8.5mabovethegroundand
35m from a roadwhere themain trafficwas due to buses and





Filters were conditioned for 24hours at 15°C and 45±5%
relative humidity prior to gravimetric analysis, before and after
sampling. After gravimetric analysis, the filters were stored in
individual glass Petri dishes or plastic zip–lock bags at –5°C to
avoidvolatilizationofmaterialfromcollectedparticles.

Teflon membrane filters were analyzed for mass by gravi–
metricanalysisandforchemicalcompositionfromsodiumthrough
uranium by Energy–DispersiveX–Ray Fluorescence (EDXFR) using
anEpsilon–5(PANalyticalB.V.)followingEPAMethod IO–3.3(U.S.
EPA,1999).Apiece (1.4cm2)ofthequartz filterwasanalyzed for
organiccarbon(OC)andelementalcarbon(EC)byThermalOptical
Transmittance (TOT)using a LabOC/ECAerosolAnalyzer (Sunset
LaboratoryInc.)followingtheNIOSH5040Method.Anotherpiece
was analyzed forwater soluble ions (SO42–,NO3–,NO2–,Acetate,
Oxalate,Cl–,NH4+,Ca2+,K+,Na+)byionchromatography(IC)usinga






Massclosurewasperformedatbothsites toensure that the
analyzed species comprised themajority of themeasured PM10.
Prior to this calculation, an ionic balance was checked and
corrected, considering that the assumption of ionic neutrality of




ܥݎݑݏݐ݈ܽ݉ܽݏݏ ൌ ͳǤͷܯ݃ ൅ ʹǤʹܣ݈ ൅ ʹǤͶͻܵ݅ ൅ ͳǤͻͶܶ݅
൅ ʹǤͶʹܨ݁ ൅ ͳǤͷܭ ൅ ʹǤͷܥܽ (1)

Different conversion factors for OC to organicmatterwere
selected for Kennedy (OM/OC=1.6) and Suba (OM/OC=1.8),
taking into account the recommendations of several studies
(Turpin and Lim, 2001; Lewis et al., 2003; El–Zanan et al., 2009)
aboutthecharacteristicsofthesites,especiallythevicinityofrural







to ambient PM10 in the selected sites. The general receptor
modelingproblemcanbestatedintermsofthecontributionfrom
p independent sources to all chemical species in a given sample
(Hopke,2000;Hopke,2003)asfollows:
 
   
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jthspeciesconcentrationmeasured in the ithsampleandeij is the
residualassociatedwiththe jthspeciesconcentrationmeasured in
the ithsample,andp isthetotalnumberof independentsources.
Thecorrespondingmatrixequationis:
     
௜ܺ௝ ൌ ܩ௜௞ ൅ ܨ௞௝ ൅ ܧ௜௝ (3)

where X is an n×m data matrix with n measurements and m
numberofelements.Eisann×mmatrixofresidualsorerrors.Gis
ann×pfactorcontributionmatrixwithpfactors,andF isap×m
factor profile matrix. There are a potential infinite number of
possiblesolutionstothisbilinearfactoranalysisproblem(rotations
ofGmatrix and Fmatrix). To decrease rotational freedom, PMF
uses non–negativity constraints on the factors. PMF provides a
solution that minimizes an object function, Q(E), based upon



























developed for the Chemical Mass Balance method (Rizzo and
Scheff, 2007; Begum et al., 2007) to identify likely contributors.
Several studies have concluded that multivariate analysis
techniques (PMF, PCA) are useful for identification and inter–
pretationofemissionsources(Kleeman,2003;Vianaetal.,2008),
and to obtain a first apportionment quantifications to PM.After




The elemental concentration values were used for the
measured data and the uncertainty assigned to EDXRF and TOT
measurementswasused as the analyticaluncertainty. For IC, an
expandeduncertaintywascalculatedwith factorsassociatedwith
extractionandmeasuringmethod.Strong,weakandbadvariables
weredesignated forPMFanalysis, following therecommendation
in the PMF usermanual (Reef et al., 2007; U.S.EPA, 2008) (see
Table1).Thisdesignationisbasedonthesignal/noiseratioinsuch
awaythatvariableswithhighuncertainty(noise)areweightedless
thanvariableswith lowuncertainty.Whenaspecies is labeledas
weak,PMF triplestheprovideduncertainty.When it is labeledas
bad,PMFexcludesthespeciesoftherestoftheanalysis.Thefinal
solution was determined by an examination of the Q value
corresponding to number of factors used (from 3 to 7factors).
PM10mass was an input to the concentrationsmatrix and was








Species Ave. Max. Min. N Ave. Max. Min. N 
PM10 41.42 60.871 23.171 55 Weak 52.041 94.123 19.109 56 Weak
PM10Massclosure 36.212 54.143 18.508 51.932 90.842 20.758 56 
     
Na+ 0.191 0.435 0.078 55 Weak BDL BDL BDL 0 
NH4
+ 0.360 1.222 0.006 55 Weak 0.276 0.692 0.077 56 Weak
K+ 0.151 0.583 0.054 55 Weak BDL BDL BDL 0 
Ca++ 1.396 2.565 0.312 55 Strong 1.850 3.801 0.090 56 Strong
CH3COO
– 0.070 0.386 BDL 36 Bad 0.314 0.766 BDL 54 Weak
Cl– 0.387 1.139 0.109 55 Strong 0.307 1.614 BDL 47 Bad
NO3
– 1.117 2.542 0.229 55 Strong 0.744 2.354 0.109 56 Strong
SO4
= 1.037 2.429 0.247 55 Strong 0.763 3.918 BDL 51 Strong
Oxalate 0.123 0.394 BDL 51 Bad 0.038 0.174 BDL 52 Bad
     
OC 7.549 11.405 4.224 55 Strong 11.854 19.806 6.036 56 Strong
EC 4.548 6.742 3.115 55 Strong 6.769 11.987 2.503 56 Strong
     
Na 0.069 0.121 0.004 55 Bad 0.125 0.385 0.005 56 Bad
Mg 0.105 0.210 BDL 43 Weak 0.138 0.293 BDL 52 Weak
Al 0.898 1.842 0.060 55 Strong 1.107 2.333 0.151 56 Strong
Si 3.290 6.233 0.397 55 Strong 4.121 8.641 0.743 56 Strong
Cl 0.103 0.345 BDL 45 Bad 0.233 1.319 BDL 55 Bad
K 0.236 0.407 0.031 55 Strong 0.262 0.529 0.041 56 Weak
Ca 1.082 2.263 0.208 55 Weak 1.534 3.094 0.389 56 Weak
Ti 0.103 0.190 0.025 55 Bad 0.172 0.282 0.048 56 Strong
Cr BDL BDL BDL 0 0.007 0.029 BDL 54 Bad
Mn 0.005 0.017 BDL 25 Bad 0.020 0.126 BDL 50 Weak
Fe 0.663 1.050 BDL 54 Weak 1.068 1.882 0.412 56 Strong
Cu 0.013 0.043 0.005 55 Strong 0.028 0.177 0.007 56 Weak
Zn 0.037 0.077 0.010 55 Strong 0.194 0.713 0.005 56 Strong
Sr 0.007 0.027 BDL 27 Bad 0.005 0.019 BDL 42 Bad
Sn 0.013 0.148 BDL 8 Bad 0.029 0.363 BDL 27 Weak
Sb BDL BDL BDL 0 0.017 0.074 BDL 44 Bad
I 0.070 0.169 BDL 40 Weak BDL BDL BDL 0 







Gravimetric measurements during the sampling period
showed a higher PM mean value for Kennedy than for Suba.
MinimumPM10forbothsitesweresimilar,butKennedyhadhigher






accounting for 57% and 64%of totalmass in Suba andKennedy
respectively. It is likely that the rest of the mass is mostly
associated with organic compunds, metal oxides and calcium
compounds,asitwillbeshownbelow.





In Suba, the OC seems to be closely related to EC without
significantbackgroundor sourcesofOCwithoutEC (basedonan
interceptclosetozero),whereasinKennedy,thereisabackground
concentration forOC that isnot related toEC (a larger intercept
term). The background value is usually explained as OC not
associatedwithcombustionsources(TurpinandHuntzicker,1995;









The ionic balance shows different characteristics for both
sites. The sum of equivalents cations (Na+,K+,NH4+; Ca2+) plotted





is likelyCO32–,whichwasnot included inthechemicalanalysisby





Behrentz (2009) explained only 11–16.5% of the PM10mass, as






but in the sameorder asRivera andBehrentz (2009) and in the
lowerrangeasfoundbyPachonetal(2008)inBogota.Thisresult
contrastswithstudiesforothercities(Chueintaetal.,2000;Yuan
et al., 2006) that show a high apportionment from secondary
sulfate and nitrate, often associated with the atmospheric
transformationofpowerplantemissionsandvehicleexhaust.

The average PM10 composition is shown in Table 2. Crustal
material,calculatedwithEquation (1),mainlycomprisedofSi,Ca
and Fe compounds, accounts for a very high fraction of PM10,
roughly41% inSubaand37% inKennedy, indicatinga significant
contribution of resuspended dust at both sites.Organicmaterial





Thecrustalmaterial isan important fractionofPM10 ranging
between 35 and 45% in different samples, so it is important to
develop strategies aiming to reduce this fraction. The






















Suba and five for Kennedy. The PM10 loadings of the resolved
factor explain 96% ofmeasured PM10 concentrationwith a high
correlation(R2=0.75forSuba,R2=0.86forKennedy)(Figure6).

The factor associated with mobile sources was the main
contributor to PM10 in Suba (60%) with high fractions of
carbonaceousmaterialandcrustalelements (Figure7).The long–




form secondary material. The high ionic factor source is still
undetermined,but itmaybeassociatedwiththetransportofNa+




PM10,being the largest fractiondespite thehighdensityof small
andmedium industrial facilitiesnear the receptor site (Figures 8
and 9). The contribution of windblown dust, 21%, is likely




at this site had measurable concentrations of Cd, Zn and Pb
associatedwith industrial activities,most probably coming from
foundries, but in lower concentrations than Puente Aranda, a




















































































































































































































































































































































































































































































A direct comparison between source apportionment results
from thisworkand those foundbyRiveraandBehrentz (2009) is
limited by the fact that the latter did not include carbonaceous
material in their chemical speciation.RiveraandBehrentz (2009)
attributed42–50%ofPM10towindblowndustand19–23%ofPM10
tomobile sources.Their resultsareopposite to results from this
study.However,itisinterestingtoseethatthesumofwindblown
dust andmobile source contributions from Rivera and Behrentz
(2009), 60–70%, is similar to that of this study, 56–69%. Both







Given that the carbonaceous and the crustal fractions
comprisea large fractionof thePM10 inwesternBogota,policies
for theabatementofPM10shouldbeoriented tounpaved roads,
erosion control, and control of combustion sources, especially
diesel vehicles and industries using coal. It is expected that the
controlofcrustalmaterialwould largelyreducetheconcentration
ofthecoarsefractionofPM10,whilecontrolofcombustionsources
would reduce fineparticulate.Once theseprimarypollutantsare






Thisstudy found thatairborneparticulatematterpollution is
higher in Kennedy than in Suba. Nevertheless, both residential
areas of Bogota experience elevated levels of PM10. Chemical
analysis showed thatcarbonaceousandcrustalmaterialsaccount
for nearly 85% of PM10 in these sites,while the ionic fraction is
below8%,whichislowwhencomparedtomeasurementsinother
cities, but consistentwith previous studies in Bogota. The ionic
balanceusedinthisstudyprovedtobeusefulinsuggestingalikely
missingcomponentinthechemicalanalysis,CO32–.Afterincluding
this ion in the PM10 composition results,mass closure explained
87% and 98%of the gravimetricallymeasuredmass in Suba and
Kennedy, respectively.ThePMFmodelused todetermine source
contributions toPM10 resolveddifferent factors for theSubaand
Kennedy sites. Two common factors were identified: mobile
sourcesandfugitivewindblowndust,withcontributionsof35%at
Suba–60%atKennedyand9%atSuba–21%atKennedy,respec–
tively. At the Suba site, an ionic factor (18%) and a secondary
aerosol source factor (13%) were identified, whereas industry–
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